This paper presents the detailed model of a double clutch actuator with a suitable control algorithm. Firstly, there is an introduction into the theory of a double clutch transmission and the aim of this project. The simulation model with a Dymola R and a MATLAB R /Simulink R part is discussed. The library of a vehicle model with a highly detailed hydromechanical clutch is introduced, which includes models with different levels of detail. The modeling of the hydraulic and the mechanic parts of the clutch actuator is discussed, concentrating on the problem of determining the parameters of the actuator modules e.g., the hydraulic valves. Some parts could not be used from existing Dymola R libraries, in those cases, new models are created based on Modelica code. A translational lever is pictured with its source code. Furthermore the non-linear behavior of the clutch actuator and control design is described. To verify this model and the suitable closed loop controller, the algorithm is tested with an up-shift cycle in a vehicle model with a double clutch transmission. The simulation results are presented with a global view of the driver inputs, the speed, the torque of the vehicle model and the gear status. Additionally the local view of the clutch actuator is shown with the cylinder pressure, the clutch position and the clutch capacity (torque). Finally there is a summary and an outlook on the further development of this library.
Introduction
A modern powertrain with a double clutch transmission (DCT) combines the comfort of an automated transmission with the efficiency of a manual transmission. Moreover, an uninterrupted shift process, a very good ride comfort and easy handling are considerable characteristics of an automated transmission with double clutches [1, 2] . The double clutch transmission is similar to the hardware design of a manual transmission. Instead of one input shaft for the clutch, a double clutch transmission has two separated shafts with odd and even gears. The two clutches can be continuously changed from one input shaft to the other. The result is an automated and uninterrupted shift process. The transmission conforms to different driving situations. In other words, the shift process changes, depending on the driving situation. The clutch control system is very important in relation to driving behavior. When the vehicle accelerates very fast, the clutch is used to control the speed by means of a higher clutch capacity 1 . For effortless driving, the input torque is followed by the torque capacity of the clutch. In this case, the speed is controlled by the engine controller. Nowadays software functions for drive train applications are developed and tested in the model based Vprocess [3] . To develop software for the nonlinear and complex hardware a detailed model is necessary. The clutch actuator consists of several non-linear subsystems e.g. the hydraulic valves or the mechanical disc spring of the clutch. These parts have a hysteresis behavior. To get a detailed clutch model, the existing libraries e.g. Powertrain-or Vehicle Interfaces-Library have been expanded. Important variables like position and torque (capacity) have been integrated. In this paper we present the modeling, the control and the simulation of a double clutch transmission with a highly detailed model of hydromechanical clutch actuator. First, the model of the vehicle library with the gear set is presented which comprises the hydraulic and mechanic parts. In section 3, the control algorithm for the hydromechanic clutch actuator is discussed. Then, in section 4, the suitability of the models and of the controls is demonstrated in a simulation runs.
Modeling
The modeling of the double clutch transmission and the clutch actuator is based on a real transmission for mid-size cars. This transmission is a seven speed transmission with a dry double clutch and a torque load up to 250 Nm. For the modeling, two common tools are used. The code of the Transmission Control Unit (TCU) and the Engine Control Unit (ECU) had been developed with MATLAB R /Simulink R . The powertrain and the drive environment is modeled with Dymola R . For the interaction between both models, an interface is defined. The interaction between the tools is pictured in figure 1 
Hydraulic Components
The hydraulic components control and moves the clutch plates in the transmission. Because of, the high energy density, a hydraulic supply is used for midsize cars [6] . An electrical external toothed gear pump supplies the actuator with the hydraulic energy. The pump is switched on and off depending on the current pressure level with a hysteresis switch. The typical pressure supply for a small transmission is approximately 50 bar. This pressure is limited by two 'three port valves' to a level of approximately 16 bar. This pressure level oscillates in a smaller range than the original bang bang controlled hydraulic supply. Furthermore these valves separate the pressure for the odd figure 3 . Underneath the hydraulic supply, the detailed model of the hydraulic clutch system can be seen. Each system is replaceable by using the defined interfaces. The parameters correspond to values from literature of similar transmissions [7, 8, 9] . Some parameters were determined at the transmission by means of measurement.
Mechanic Components
The input of the mechanic interface for the hydraulic clutch actuator is a lever that changes the position of the clutch. The rod of the hydraulic cylinder moves outward when the chamber is filled with oil and simultaneously the rod presses against a lever. The force is transferred from the rod to the clutch disc. This lever system described above, is used to control the double clutch capacity. Without hydraulic pressure the clutch is automatically opened. In this instance, the clutch capacity can not be built up anymore, in order to protect the clutch system. The model of the clutch lever is made up of two rods. One rod is fixed on the top, and the other is fixed in the middle. M e c h a n i c s . T r a n s l a t i o n a l . I n t e r f a c e s . F l a n g e _ a f l a n g e _ a M o d e l i c a . M e c h a n i c s . T r a n s l a t i o n a l .
I n t e r f a c e s . F l a n g e _ b f l a n g e _ b M o d e l i c a . M e c h a n i c s . T r a n s l a t i o n a l .
I n t e r f a c e s . F l a n g e _ b f l a n g e _ c M o d e l i c a . M e c h a n i c s . T r a n s l a t i o n a l .
Components . F i x e d f i x e d parameter M o d e l i c a . S I u n i t s . L e n g t h L_ab ; parameter M o d e l i c a . S I u n i t s . L e n g t h L_bc ; e q u a t i o n f l a n g e _ b . f=− f l a n g e _ a . f * ( ( L_ab+L_bc ) / L_bc ) ; f l a n g e _ b . s = f l a n g e _ a . s * ( L_bc / ( L_ab+L_bc ) ) ; end L e v e r _ T o p F i x ;
The code for the lever model with the middle fix is similar to the top-fix model, only the equation is different. Every flange of the model provides two types of information: one is the displacement which is described in model with the character -'flange_x.s', the other is the force, which is described with the character -'flange_x.f'. The force within the clutch is transfered by the two levers having two pivot points. The second clutch is modeled similar to the first clutch. In contrast to the first model, the two rods are modeled with the top-fix model. Figure 5 shows an example for modeling the lever mechanism of the first clutch. This lever model consists of two sub-models, which are described in figure 4 . The first model (top-fix) output port is connected with the second model (middle-fix) input port. The lever works against the disc spring which has a non-linear behavior [10] . The behavior of the disc spring is modeled by some look-up tables. Within the front range of the clutch position the lever presses the pressure plate against the central plate. The clutch disc is between both plates. As long as the clutch disc does not touch the central plate the spring force increases linearly. When the clutch disc touches the central plate (touch point) the spring force starts to decrease. In or- der to disengaging the clutch, the parameters change to a lesser value because of the hysteresis of the disc spring [11] . Both the hydraulic one and the mechanic clutch system are presented in figure 6 . The output of the model is the position of the lever. Furthermore the pressure of the cylinder, the force and the torque of the clutch system are also shown.
Control
There is an air clearance between the clutch disc and the clutch housing. Before the clutch torque builds up, the hydraulic system has to be filled with oil to generate the necessary pressure in the clutch cylinder. Then the clutch plates come together up to the touch point and the clutch torque can be built up. The time lag of the clutch system is minimized by using the pre-fill function. This function is active from a shift request up to the touch point of the clutch (as shown in figure  7 phase II). The behavior of the actuators is derived from the literature [12] . The control of the clutch can be divided , which is combined with a non-linear spool dynamics block. The spool dynamics block contains hysteresis, friction and a limit of the spool velocity [5] . The volume flow of the hydraulic oil is controlled by the spool position. The inner loop is used to control the cylinder pressure and the outer loop controls the clutch position (as shown in figure 8 ). Both loops are realized by a PI controller. The control parameters for the inner loop circle have been empirically adjusted. The T Σ-method provides the opportunity for calculating the parameters of the outer loop circle [13] . To shorten the time for the parameter settings, the nonlinear system was linearized. With the linearized system the control parameter could be determined and it was possible to check the stability. The control strategy is based on a condition-based cascade control. This means that the pre-filling and the emptying of the clutch cylinder takes place only when the inner control system is active. If the clutch status is enabled, the overall cascade control system is in processing mode. To switch continuously from the "prefill" status to the "clutch enable" status, the start value of the integrator of the outer controller is set to the last pressure value of the pre-fill phase. An anti-windup process is used for counteracting the windup in the inner controller, after pressure emptying of the clutch cylinder. The valve control signal returns as quickly as possible to the operation state (S_CCV x control signal is closed to zero) as shown in figure 10 . Additionally, a dither generator for the valve has been developed for overcoming the stick-slip-effect, which could occur due to the inaccuracy of the valve control.
Simulation Results
In section 2 the simulations model with the interface and the implemented control algorithm were presented. Now the clutch model, the suitable control algorithm, the performance and the functional capability of a basic shift strategy are shown in a simulation run. The simulation can be executed with a driver model, so it is possible to drive the driving cycles like the New European Driving Cycle (NEDC) [14] . The model inputs are a boolean ignition signal and two real values for the acceleration-and brake-pedal. Figure 9 shows the first simulation result containing the input signals accelerator-, throttle-position and the brake-pedal position. The throttle position is controlled by the engine control unit. The driver starts the engine with the ignition key. After the brake pedal is released by the driver and the acceleration pedal is pushed. This happens as long as the TCU has shifted up to the seventh gear. The second row of figure 9 shows the The last sub figure shows the signal desired gear and the current gear.
The vehicle accelerates and shifts up to the seventh gear. Each of these shift processes is accompanied by a continuous switch of the clutch capacities. The engine speed is reduced by the throttle position control, which is a submodule of the ECU. If sporty behavior is requested by the driver, the clutch control could be used to execute the speed-regulation. The engine intervention is controlled by the transmission control unit with a defined torque interface between these two control units. 
Summary and Outlook
A detailed model of a hydromechanical double clutch actuator with a suitable control algorithm was presented. The model was integrated into a double clutch Figure 10 : Detailed results of a shift process for the hydro-mechanic clutch actuator transmission model with seven speeds. The main focus was the modeling of the mechanical lever system. The detailed clutch model provides engineers the opportunity to develop new control algorithms in modelin-the-loop simulations. As example a cascaded PI controller was designed. The clutch model, the suitable control algorithm, the performance and the functional capabilities of a basic shift strategy were shown in a simulation run. The verification of the simulation models with the real transmission is in progress. Therefore a new transmission test bench at the TU Berlin, Chair of Electronic Measurement and Diagnostic Technology is used. At the moment the extensible hydraulic interface is used to implement a detailed synchronization model for the gear shift process. With this synchronization model in combination with the clutch model the calibration of the shifting and clutch algorithms in a model-in-the-loop simulation is feasible.
